Using the reliability accelerated tests in the early stage of solar cells life cycle, by using an high level of stress, in order to highlight the one or more degradation factors, on which could be quickly acquired a series of the experimental data, leads to point out the design errors of solar cells and to predictive assessment of reliability indicators. Environmental factors influence the lifetime of a solar cell. The action of each factors determines its aging and finally its degradation as the result of the combined action of sunlight, emissions, climate change, temperature and humidity, the action of dust, the saturated air from the proximity of oceans and seas, whose actions a solar cell undergoes during normal operation. In this paper has been analysed 10 polycrystalline solar cells subjected to accelerated corrosion tests. It has been also carried out two analyses, the first a quantitative analysis by determining the values of reliability indicators and the second one was a qualitative analysis of the degradation of polycrystalline solar cells using the optical microscope.
The operation of solar cells is based on the physical process of converting sunlight into electricity at the atomic level. The photoelectric effect is the property of materials of absorbing the photons and then of releasing the electrons. In the case of solar cells, these electrons are trapped and resulting an electric current which can be used as electricity. Depending on the nature of the crystalline semiconductor material used in the manufacture of solar cells, these can be classified into three categories: monocrystalline cells, polycrystalline cells, and amorphous or thin-film solar cells [1] . Polycrystalline solar cells are manufactured by casting the liquid silicon into blocks which are then cut into thin layers. Polycrystalline solar cells have a granular structure and are best used cells at industrial level for the manufacture of photovoltaic panels having the best quality-price ratio. These types of cells behave well at high temperatures and have an efficiency that can reach about 12% -14%. If the solar cells are unable to generate power it is obvious that there is a failure which can be treated in terms of reliability. However, degradation due to environmental factors, such as corrosion can cause a gradual decrease of energy production representing the durability of solar cells (which actually means a lack of durability of solar cells). These issues of durability ultimately can cause the damage of the solar cell.
The reliability and durability of solar cells are two important aspects of their life cycle, as important as their manufacturing cost and efficiency. Recent studies [3] [4] [5] [6] have been made regarding manufacturing, reliability and durability of crystalline silicon (c-Si) photovoltaic (PV) module. Polycrystalline solar cells are found in various places around the world and are designed to produce energy for homes and power plants of various sizes.
* email: mihai.pop@unitbv.ro Fig. 1 . Stresses occurred during using solar cells [7, 8] Depending on where and how they are installed, the solar cells are subjected to different stress factors ( fig. 1 ).
Failures of solar cells, because of corrosion, can be generated by the causes shown in figure 2. A reliable photovoltaic (PV) module may be defined as a PV module that has a high probability of performing its function adequately for 30 years under the operating conditions encountered in various environments [10] . The main ways of degradation of PV (corrosion, discoloration, delamination and breakage) and computational models associated with these modes of degradation have been identified in various researches [8, 11] .
A recent study [12] investigated the corrosion behaviour of three types of crystalline silicon (C-Si) solar cells at aging tests in indoor environment (25°C, 45% RH, 0-2 months), cells immersing in moisture atmosphere (25°C, 85% RH, 0-240 h) and cells immersing in acetic acid atmosphere (25°C, 85% RH, 0-240 h). The most important and studied tests on solar cells are the accelerated aging tests [13, 14, 15] . Ageing of solar cells leads to lower efficiency by 10% in 25 years.
In [16] has been developed an extensive study on accelerated aging tests on a wide variety of solar cells (on five different PV technologies Mono, Multi, a-Si, CdTe, CIGS). For these types of technologies have been analysed various parameters (maximum power, efficiency cell and module efficiency) in different ranges of temperature and humidity in certain testing time period.
Testing of solar cells in their environment of use requires a much too long. Manufacturers of solar cell cannot wait 25-30 years or even longer to analyse and then introducing a new product on the market. Therefore, they have developed the accelerated test techniques [17] [18] [19] in order to shorten the test time to days or weeks at most, and then to place on the market new solar cells manufactured and tested.
In this paper, using accelerated testing techniques, have been tested to corrosion 10 polycrystalline solar cells at two levels of immersion of 5 and 10% NaCl concentration solutions (by weight). Results from corrosion accelerated tests were used to determine the main indicators of reliability. Analysis and measurements regarding the corrosion and deposits of salt on the polycrystalline solar cells have been carried out by optical microscopy.
Experimental part Materials
Polycrystalline solar cells tested in current paper are shown in figure 3 and they have the characteristics presented in table 1.
The main advantages of polycrystalline solar cells studied in this paper are the following: lower per panel cost, stop conductivity, good adhesion, superior weldability, nice appearance, durability and longevity, lower electric bills.
Testing procedure
Polycrystalline solar cells are electrical components that are exposed outdoors throughout their life span. The wet atmosphere, strong corrosive, can degrade some components of solar cells (corrosion of metal components, damaging properties of nonmetallic materials -such as protective coatings or plastic -by assimilating of salts) at the same time causing permanent damage.
The 10 solar cells were studied to corrosion through subjecting them to salt spray tests under 5 and 10% NaCl solution concentration (by weight). For corrosion accelerated testing, polycrystalline solar cells have been glued onto a sheet of plastics to be disposed in saline chamber ( fig. 4 ). Regarding the positioning of specimens in the salt spray chamber, the inclination to the vertical of the face of the module normally exposed to solar irradiance shall be 15 to 30°.
Tests were carried out following the procedure established in IEC 61701 -Salt mist corrosion testing of photovoltaic (PV) modules and ASTM B117 -Standard Practice for Operating Salt Spray (Fog) Apparatus. The scope of this test is to determine the resistance of the polycrystalline solar cells to corrosion from salt spray. This test is useful for evaluating the compatibility of materials, and the quality and uniformity of protective coatings. The 10 specimens were evaluated with regard to corrosion and deposits of salt, at four inspection intervals: 96, 192, 288 and 384 hours. Inspections were carried out both visually and using Omnimet-Buehler microscope system provided with a Nikon microscope (with a resolution up to 1000x) for structural analysis. In table 2 the main accelerated testing conditions of the 10 polycrystalline solar cells using salt spray corrosion test are presented.
After completing the tests in the salt chamber, polycrystalline solar cells were washed and then dried for Table 2 SALT SPRAY CORROSION TEST CONDITIONS Table 3 ACCELERATED DEGRADATION DATA OF THE POLYCRYSTALLINE SOLAR CELLS 24 h. Subsequently the specimens were subjected to the procedure of degradation analysis.
Results and discussions
Accelerated degradation analysis under salt spray test of the polycrystalline solar cells Accelerated degradation analysis under salt spray test of the polycrystalline solar cells involves measuring and extrapolating the degradation or the information regarding the operating performance. Most of failure mechanisms can be directly linked to the degradation of the solar cell components and the degradation analysis allows the user to extrapolate the measured data in a specific time of failure, based on the degradation measurements or on their performance over time. When using accelerated testing techniques, in order to reduce the testing time, the obtained 
For the statistical processing of experimental data obtained from accelerated corrosion tests was used the software ALTA 7. This software program allows performing an analysis of degradation using various models of degradation: linear, exponential, power, logarithmic, Gompertz and Lloyd-Lipow models. The Power model was the model used for analysing the degradation of polycrystalline solar cells. This model of degradation is based on the following equation:
where y is the degradation measurement, x is the inspection time and a, b and c are model parameters.
This model may be used to predict when the degradation of a solar cell will reach the predefined failure level. The predicted time can be taken as the failure time. Once the Power model parameters were estimated for each solar cell, x i can be extrapolated using the critical value defined by the degradation of y. The value of x i , calculated from all the solar cells may be used as a failure time for further analysis of the reliability accelerated tests. Sets of five polycrystalline solar cells were tested under salt spray tests under 5 and 10% NaCl solution concentration (by weight), by using the degradation analysis. The solar cells have been cyclically tested and were inspected within a time period of 96 h to observe the salt deposits or the appearance of the corrosion phenomena. The defect is defined as a salt deposit of 1 mm or more. In the table 3 are presented the degradation test results for ten solar cells with every checked time interval.
The Degradation vs. Time plot ( fig. 5 ) describes how the performance of each polycrystalline solar cells degrades over the time. The pink line, placed at the bottom of the figure 5, indicates the level of the critical degradation of 1 mm 2 as a surface of salt deposition or as a corrosion of the solar cell. By using the model Power model the degradation data were extrapolated on failure times corresponding of certain reliability accelerated tests. The reliability tests have a special importance aiming either to determine the reliability characteristics of a product or to check them if they are established in a predictive (forecasting) mode. In the case of more complex products, this check is carried out operationally (in operation). The reliability tests are badly needed and have a decisive role in improving the technical solutions and in raising the product performances. The essential issue of the reliability tests consists of the testing time which is, generally, comparable to the useful lifecycle of the product. An excessive testing duration can make inefficient the reliability test, from economic point of view. The reliability tests can be done in normal operation regime or accelerated regime. Accelerated reliability tests are performed by forcing (accelerating) the normal operating regime of the product [20] . This is achieved by increasing the rate and/or the stress level in relation to its normal operation in order to reduce the testing time and the material costs related to these tests. Data regarding the operation in accelerated regime are extrapolated using the relationship between the operating time and the stress in order to estimate the following indicators [21]: the mean For a statistical analysis of the results obtained by accelerated reliability tests was used the Inverse Power Law model and Weibull distribution. By using the statistical data processing, the main indicators of reliability (table 4) have been obtained for the failure times corresponding to the 10 polycrystalline solar cells.
In the 3D graphical representation of reliability/ unreliability ( fig. 6 ) are determined and represented the values of reliability/unreliability for different levels of sodium chloride solution concentration using a wider range for the testing time (0-19200000 h) for polycrystalline solar cells.
On the pdf vs. stress surface plot ( fig. 7 ) the values of the probability density according to the testing time in normal regime and different levels of sodium chloride solution concentration, have been described. In likelihood function surface plot have been represented the values of the maximum likelihood function for two specific parameters (beta and K) for the Inverse Power LawWeibull model.
The main objective of the accelerated reliability tests is to determine the product lifetime in conditions of normal use (0.05% NaCl solution concentration). By using the data resulting from the accelerated reliability tests, obtained from corrosion degradation tests of the solar cells, it can be determined the average number of hours to the failure in normal conditions of use. The average number of hours until failure ( fig. 8 ) for polycrystalline solar cells was 158958 (about 18 years in a favourable environment to occur the damage due to corrosion: 0.05% NaCl solution concentration).
The macroscopic and microscopic analysis of the polycrystalline solar cells subjected to the salt spray test
For the polycrystalline solar cells were performed macrostructural analyses (25X magnification) and microstructural (magnification 100X, 200X, 500X, 1000X) to verify the surfaces with salt deposition or areas where the corrosion phenomenon appeared. The macroscopic analysis enables us to choose the areas with problems on the polycrystalline solar cells surface that will be subjected to a microscopic analysis. In table 5. b), e) and h) can be observed the manner in which the corrosion accelerated tests in salt spray (5% NaCl solution concentration) determined the appearance of the areas with salt deposits and corrosion on the polycrystalline solar cells surface. Taking into account the images presented in table 5. c), f) and i), it can be said that the performance of the polycrystalline solar cells have been strongly affected at 10% NaCl solution concentration and some areas were deeply affected by salt deposits and intense corrosion. The polycrystalline solar cells tested in saline chamber (at 5% and 10% NaCl solution concentration) were characterized microstructural after 384 hours of testing by using microscopic analysis at 25X and 100X magnification scale (table 6) . On the solar cells surfaces can be seen substantial deposition of salt. These areas of salt deposits and corrosion placed in very close proximity of the metal contacts are very dangerous and cause corrosion to the connecting strips and finally to failure the electrical system of the polycrystalline solar cells.
Conclusions
Currently a special interest is represented by testing the solar cells in a very short time and with very intense testing regimes. Concerns regarding the shortening of testing time and the best cost efficiency for materials have led to the development of new accelerated testing methods. These methods represent priority targets for the companies which producing solar cells of high quality and reliability. In conditions of a fierce competition in the solar energy field, for predicting the lifetime of a solar cell and for selecting the best materials and technologies, aiming technical and economical advantages, has became obvious to all the specialists in the testing field that the best information are obtained by using the cyclic accelerated tests of corrosion.
In this paper was conducted an experimental study on corrosion of polycrystalline solar cells subjected to salt spray test. The testing of these polycrystalline solar cells were performed by accelerated testing techniques at two accelerating levels, under 5 and 10% NaCl solution concentration. The results of the degradation analysis were extrapolated using the Power degradation model and have been obtained the data corresponding to the reliability accelerated tests for polycrystalline solar cells.
By using the statistical processing of accelerated data it has been obtained the reliability indicators (reliability function, unreliability function, failure rate, probability density) and mean life which is the main indicator that determines the performance of the solar cells tested to corrosion. In only sixteen days, the corrosion accelerated tests are able to produce a corrosion level equivalent to those obtained in 18 years of using the solar cells in a common external medium (0.05% NaCl solution concentration) close to the seas or oceans having saltwater. Also, macroscopic and microscopic analyses were carried out in order to verify and quantify the salt deposition and the corrosion areas on the solar cells surface.
